Introduction
The infused autograft lymphocyte to monocyte ratio (A-LMR) has recently been reported to be a prognostic factor for survival in patients with diffuse large B-cell lymphoma (DLBCL) post-autologous peripheral hematopoietic stem cell transplantation (APH-SCT). 1 We have reported that the infused autograft-absolute lymphocyte count (A-ALC) affects clinical outcomes in lymphoma patients treated with APHSCT. 2 In DLBCL, 3 as well as in classical Hodgkin lymphoma (cHL), 4 gene expression profiling studies have demonstrated that tumor-infiltrating myeloid-derived suppressor cells (MDSCs) predict clinical outcomes. The human monocytic MDSC subset has been characterized as monocytic CD14 + cells with a low level or lack of antigen presenting HLA-DR molecules (CD14 + HLA-DR low/neg cells). 5 Our group has reported the presence of circulating immunosuppressive CD14 + HLA-DR low/neg peripheral blood monocytes in patients with lymphoma. 6 These circulating CD14 + HLA-DR low/neg monocytes are recruited and transformed into tumor-associated macrophages by the tumor and impacting survival in cancer patients. 7 Furthermore, monocyte-derived cells may also provide trophic factors lymphocytes. 8, 9 Using the autograft-absolute monocyte count (A-AMC) as a surrogate marker for MDSCs, the A-LMR combines biomarkers of host immunity (A-ALC) and tumor immunosuppression (A-AMC). Thus, we studied if A-LMR can also impact clinical outcomes post-APHSCT in a different lymphoma category of cHL in addition to DLBCL.
Materials and methods

Patient population
To participate in the study, patients were required to be candidates for APHSCT with the diagnosis of relapsed cHL and have mobilized enough peripheral blood stem cells to proceed with APHSCT (minimum of 2.0×10 6 CD34 cells/kg). Patients were excluded if they failed to mobilize stem cells, required bone marrow harvest, were infused with both peripheral blood and bone marrow harvest-derived stem cells, or participated in stem cell transplantation clinical trials. To keep a homogeneous cohort of patients with Hodgkin lymphoma, patients with nodular lymphocyte predominant Hodgkin lymphoma were excluded because they are considered to have a different disease entity. No patients were lost to follow-up. From 1994 to 2012, 183 patients with cHL qualified for the study. All patients gave written informed consent allowing the use of their medical records for medical research. Approval for the retrospective review of these records was obtained from the Mayo Clinic institutional review board and was in accordance with US federal regulations and the Declaration of Helsinki.
end points
The primary end point of the study was the impact of A-LMR on overall survival (OS), progression-free survival (PFS), lymphoma-specific survival (LSS), and time to progression (TTP) from the time of APHSCT. The infused A-ALC for each apheresed unit collection was calculated as follows: A-ALC = % collection lymphocytes × (absolute white blood cell count [WBC]/kg). In similar fashion, the infused A-AMC for each apheresed unit collection was calculated as follows: A-AMC = % collection monocytes × (absolute white blood cell count [WBC]/kg). The A-LMR was then calculated by dividing the A-ALC by the A-AMC.
Prognostic factors
The following prognostic factors were evaluated in the study: International Prognostic Score 10 
Peripheral blood stem cell (autograft) collections
The three types of instruments used at our facility during the period examined in this study were the COBE Spectra (Gambro BCT, Lakewood, CO, USA), Baxter Amicus (Baxter Healthcare, Deerfield, IL, USA), and Fenwal CS3000 (Baxter Healthcare). All patients were collected using a single instrument type based on availability of the instrument on the day of collection. Patients received granulocyte colony-stimulating factor (G-CSF) for mobilization at a dose of 10 µg/kg daily for 5-7 consecutive days by subcutaneous injection. Once the peripheral blood CD34+ cell count was $10 cells/µL on G-CSF, patients began daily apheresis until a minimum target of 2.0×10 6 CD34 cells/kg was reached. If at day 4 on G-CSF the peripheral blood CD34 was less than 10 cells/µL, the addition of plerixafor 0.24 mg/kg was allowed.
conditioning regimens
Conditioning regimens were as follows: 169 patients received BEAM, ie, carmustine (Heritage Pharmaceuticals, Edison, NJ, USA) 300 mg/m 2 on day -6, etoposide (APP Pharmaceuticals, Schaumberg, IL, USA) 100 mg/m 2 twice daily from days -5 to -2, cytarabine (Bedford Laboratories, Bedford, OH, USA) 100 mg/m 2 twice daily from days -5 to -2, and melphalan (Bioniche Pharma, Lake Forest, IL, USA) 140 mg/m 2 on day -1, and 14 patients received cyclophosphamide (Baxter Healthcare) 1,500 mg/m 2 on days -6 to -2, carmustine (Heritage Pharmaceuticals) 300 mg/m 2 on day -6, and etoposide (APP Pharmaceuticals) 100 mg/m 2 twice daily on days -6 to -4.
response and survival
Response criteria were based on the guidelines from the International Harmonization Project on Lymphoma. 11 OS was measured from the date of transplant to the date of death, or last follow-up. PFS was defined as the time from transplant to the time of progression, relapse, death, or last follow-up. LSS was defined as the time from transplant to death as a result of lymphoma. TTP was defined as the time from transplant until lymphoma progression or death as a result of lymphoma. To assess the validity of the A-LMR as a prognostic factor for APHSCT, patients with cHL were randomly divided into two groups. Two-thirds were assigned to the training set (n=122) to develop the best cut-off value for A-LMR, and the remaining third were assigned to the validation set (n=61) to assess the prognostic ability of A-LMR. OS, PFS, LSS, and TTP were analyzed using the approach of Kaplan and Meier. 12 Differences between survival curves were tested for statistical significance using the two-tailed log-rank test. The Cox proportional hazard model 13 was used for the univariate and multivariate analysis to evaluate the variables under the prognostic factors section to assess their impact on post-APHSCT OS, PFS, LSS, and TTP times. The choice of optimal cut-off for A-LMR to assess survival was based on its utility as a marker for the clinically relevant binary outcome of death/survival using receiver operating characteristic curves (ROC) and the area under the curve (AUC). The binary clinical outcome (death/survival) was established at 5 years post-APHSCT. Patients were classified as "alive/censored" when follow-up time was longer than 5 years and "death" for patients known to have died before this time point.
14 A k-fold cross-validation with k values of 10 was performed to validate the results of A-LMR. Randomly chosen subsets containing 90% of the cohort were used for training, and the remaining 10% were left for testing. The cross-validation process was then repeated ten times. Based on this analysis, a crossvalidation AUC by the ROC was produced, representing the discriminating accuracy of A-LMR for the binary clinical outcome of death/survival.
Chi-squared and Fisher Exact tests were used to determine relationships between categorical variables as appropriate. The Wilcoxon-rank sum test was used to determine associations between continuous variables and categories, and nonparametric tests were used to evaluate associations for continuous variables. All P-values represented were twosided and statistical significance was declared at P,0.05.
Results
Patient characteristics
The median age at the time of transplant for this cohort of 183 patients with cHL was 33 (range 17-71) years. The distribution of additional baseline characteristics for the patients is presented in Table 1 based on the training set and validation set. The median follow-up for the entire cohort was 34.1 (range 1-183.8) months and for the living patients (n=132) was 46.2 (range 1.5-183.8) months. The day 100 transplant-related mortality for the cohort of patients was 1.6% (3/183). Forty-five patients died due to relapse/ progression of lymphoma. Three patients died of causes unrelated to lymphoma, excluding the three patients who died in the first 100 days post-APHSCT.
correlation between a-alc and alc-15, a-aMc and aMc-15, and a-lMr and lMr-15
As in our previous publication on DLBCL, we assessed if the infused A-ALC correlated with the absolute lymphocyte count at day 15 (ALC-15) post-APHSCT, infused A-AMC with absolute monocyte count at day 15 (AMC-15) post-APHSCT, and infused A-LMR and lymphocyte to monocyte ratio at day 15 (LMR-15) post-APHSCT. In the training set and validation set, we identified a strong positive correlation between: A-ALC and ALC-15 (R=0.8, P,0.0001 in the training set and R=0.8, P,0.0001 in the validation set); A-AMC and AMC-15 (R=0.8, P,0.0001 in the training set and R=0.9, P,0.0001 in the validation set); and A-LMR and LMR-15 (R=0.9, P,0.0001 in the training set and R=0.9, P,0.0001 in the validation set). We identified no correlation between the infused CD34 and ALC-15 (R=0.1, P=0.1 in the training set and R=0.1, P=0.3 in the validation set); CD34 and AMC-15 (R=0.05, P=0.6 in the training set and R=0.1, P,0.1 in the validation set); and CD34 and LMR-15 (R=0.07, P=0.9 in the training set and R=0.2, P,0.1 in the validation set).
cut-off values for a-lMr for survival analysis
ROC curves and AUC were used to determine the optimal cut-off points for A-LMR based on their utility as a marker for the clinical binary outcome of death/survival in the training set. A-LMR $1 had an AUC of 0.80 (95% CI 0.62-0.98) with a sensitivity of 74% (95% CI 68-78) and a specificity of 78% (95% CI 74-82; P,0.01). An internal validation of A-LMR performance as markers for the clinical binary outcome of death/survival was performed using k-fold cross-validation with k=10. We obtained an average AUC of 0.80 (95% CI 0.73-0.88) over the ten validation sets for A-LMR with a standard deviation of ±0.02. We report the ROC for the complete dataset used in the 10-fold procedure by collecting the A-LMR obtained on each fold. Using the univariate Cox regression analysis, the following variables were predictors for OS and PFS: albumin, ALC-DX (diagnosis), hemoglobin, International Prognostic Score, complete response prior to APHSCT, and A-LMR (Table 2) . For LSS and TTP, the following variables were predictors: albumin, ALC-DX, International Prognostic Score, complete response prior to APHSCT, and A-LMR (Table 2 ). Multivariate analysis identif ied albumin and A-LMR as predictors for OS, PFS, LSS, and TTP (Table 3) .
survival outcomes based on a-lMr Abbreviations: a-alc, autograft absolute lymphocyte count; a-aMc, autograft absolute monocyte count; aBVD, adriamycin, bleomycin, vinblastine, and dacarbazine; alc, absolute lymphocyte count; alc-15, absolute lymphocyte count at day 15 post-transplantation; alc-DX, absolute lymphocyte count at diagnosis; a-lMr, autograft lymphocyte/monocyte ratio; aMc-15, absolute monocyte count at day 15 post-transplantation; BeaM, carmustine, etoposide, cytarabine, and melphalan; cBV, cyclophosphamide, carmustine, and etoposide; DhaP, dexamethasone, cytarabine, and cisplatin; ePOch, etoposide, prednisone, vincristine, cyclophosphamide, and adriamycin; eshaP, etoposide, methylprednisolone, cytarabine, and cisplatin; gVD, gemzar ® , vinorelbine, and liposomal doxorubicin; ice, ifosfamide, carboplatin, and etoposide; iPs, international Prognostic score; lMr-15, lymphocyte to monocyte ratio at day 15 post-transplantation; MOPP, mechlorethamine, vincristine, procarbazine, and prednisone; WBc, white blood cell count. 
Discussion
In DLBCL, the A-LMR was recently reported to be a predictor for clinical outcomes in patients treated with APHSCT. 1 Thus, we set out to investigate if the A-LMR can also affect clinical outcomes in a different category and biological type of lymphoma, (cHL), undergoing APHSCT.
Patients with a cHL and an A-LMR $1 showed superior OS, PFS, LFS, and TTP versus those with an A-LMR ,1. In the training set, multivariate analysis revealed that A-LMR was an independent predictor for survival post-APHSCT in cHL patients. A validation set confirmed the findings observed in the training set.
We previously reported ALC-15 to be a prognostic factor for survival in cHL patients undergoing APHSCT. 15 We subsequently reported that ALC-15 recovery depended directly on the infused A-ALC, suggesting that the collected and infused immune effector cells affected clinical outcomes post-APHSCT. In this study, we confirmed again that ALC-15 correlated with the infused A-ALC, AMC-15 correlated with the infused A-AMC, and LMR-15 correlated with the infused A-LMR. No correlation was Table 2 Univariate analysis for overall survival, progression-free survival, lymphoma-specific survival, and time to progression in the training set Abbreviations: alc-DX, absolute lymphocyte count at diagnosis; a-lMr, autograft lymphocyte/monocyte ratio; aPhscT, autologous peripheral hematopoietic stem cell transplantation; CI, confidence interval; CR, complete response; HR, hazard ratio; IPS, International Prognostic Score; LSS, lymphoma-specific survival; OS, overall survival; PFs, progression-free survival; TTP, time to progression; WBc, white blood cell count. Table 3 Multivariate analysis for overall survival, progression-free survival, lymphoma-specific survival, and time to progression in the training set Several mechanisms have been implicated with regard to how A-AMC might be associated with inferior survival post-APHSCT: production of immunosuppressive cytokines;
18 dysregulation of the CD8+ T-specific peptidemajor histocompatibility complex; 19 induction of regulatory T-cells; 20 upregulation of the death receptor Fas, leading to T-cell apoptosis; 20 and decreased natural killer 
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Porrata et al cell function. In vitro studies have shown that removal of granulocytic-macrophages-CSF-mobilized or G-CSFmobilized CD14+ monocytes from the autograft increases natural killer cell function. 21 This is an important finding, as we have previously published in a prospective study that natural killer cells are the main lymphocyte subset in ALC-15 affecting survival post-APHSCT. 22 To minimize the inherent biases of a retrospective study, including selection bias and confounding factors, the following steps were taken. In regard to selection bias, we included only patients with the unifying diagnosis of cHL to obtain a homogeneous group. In addition, patients who received bone marrow harvest or a combination of bone marrow harvest/ peripheral blood stem cells were excluded. Only patients who received infused peripheral blood stem cells mobilized by G-CSF plus or minus plerixafor were included. Patients who had participated in stem cell transplant clinical trials were also excluded. Furthermore, patients were randomly divided into a training set and validation set to validate our findings. In regard to confounding factors, by multivariate analysis, A-LMR remained an independent prognostic factor when compared with currently known prognostic factors in cHL patients undergoing APHSCT.
The strengths of the study include long-term follow-up of a uniform group of patients with cHL treated consecutively at a single institution. This study expands on previous publications regarding A-ALC by highlighting the importance of the interaction between host immunity and MDSCs, using the simple biomarkers of A-ALC and A-AMC combined in the prognostic factor of A-LMR. Finally, the association between A-LMR and survival provides a rationale to develop clinical translational interventions to engineer immunocompetent autografts with a direct impact on immune recovery and survival post-APHSCT. In regard to the collection of MDSCs, G-CSF has been reported to be mobilized and upregulated in peripheral blood MDSCs, not only in patients undergoing APHSCT but also in normal donors for allogeneic stem cell transplantation. In allogeneic stem cell transplantation, the immunosuppressive effect of MDSCs could be exploited to treat graft-versus-host disease. Even the use of plerixafor has been associated with mobilization of high levels of monocytes in peripheral blood. 23 Only 18% of patients received plerixafor in our cohort, so there were not enough events to perform meaningful statistical analysis to compare mobilization of monocytes between patients mobilized by G-CSF only versus patients mobilized by G-CSF and plerixafor. Therefore, more targeted stem cell mobilization agents to mobilize stem cells, immune effector cells, and minimize collection of MDSCs might be a new avenue for a more immunocompetent autograft. Another option to reduce the infusion of CD14 + immunosuppressive monocytes is to perform an autograft monocytic depletion using a CD14 + column to remove MDSCs from the autograft product.
In conclusion, this study demonstrates A-LMR as a prognostic factor for clinical outcomes in cHL in addition to recently published A-LMR in DLBCL, suggesting A-LMR as a biomarker for engineering of immunocompetent autografts with a direct impact on clinical outcomes post-APHSCT in lymphomas.
